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TECHNICAL ABSTRACT

We processed the complete digital seismogram data base for Northern California to measure
accurate differential times for correlated earthquakes observed at common stations. Correlated
earthquakes are earthquakes that occur within a few kilometers of one another and have similar
focal mechanisms, thus generating similar waveforms, which allows measurements to be made
via cross correlation analysis. The waveform data base was obtained from the Northern California
Earthquake Data Center and includes about 15 million seismograms from 225,000 local earth-
guakes between 1984-2001. A total of 26 billion cross correlation measurements were performed
on a 32-node (64 processor) Linux cluster, using improved analysis tools. We computed a total of
about 1.7 billion P-wave differential times from pairs of waveforms with cross correlation coeffi-
cients of 0.6 or larger. The P-wave differential times are on the order of a factor of ten to a hun-
dred times more accurate than those obtained from routinely picked phase onsets. 1.2 billion S-
wave differential times were measured, a phase not routinely picked at the Northern California
Seismic Network because of the generally weak onset of S-phases. We found that approximately
90% of the seismicity includes events that have cross-correlation coefficients of CC>0.7, with at
least one other event recorded at four or more stations. At some stations more than 40% of the
recorded events are similar at the CC>0.9 level, indicating the potential existence of large num-
bers of repeating earthquakes. Large numbers of correlated events occur in different tectonic
regions, including the San Andreas Fault, the Long Valley Caldera, and the Mendocino Triple
Junction. Future research using these data may substantially improve earthquake locations and
add insight into the velocity structure in the crust. Such work will help the seismic hazard commu-
nity to better understand the risks and hazards associated with earthquakes in Northern California.



NON-TECHNICAL ABSTRACT

We processed the complete seismogram data base for Northern California to measure accurate
differential travel times for correlated earthquakes observed at common stations. Correlated earth-
guakes are earthquakes that occur within a few kilometers of one another and have similar focal
mechanisms, thus generating similar waveforms, which allows measurements to be made via
cross correlation analysis. The new data improves by a factor of ten to hundred times the accuracy
of a fundamental measurement in seismology. Inspection of the new data reveals that a high per-
centage of earthquakes in Northern California are similar, with many of them likely to be of
repeating character. Future research using these data may substantially improve earthquake loca-
tions and our knowledge of the velocity structure in the crust, which eventually will help to reduce
earthquake hazard in Northern California.



Introduction and overview

One of the most fundamental datasets in seismology is the set of measured arrival times of
various phases on a seismogram. These basic data are used to solve for earthquake hypocenters
and also to derive velocity models or travel time curves. But there is an error associated with each
measurement. Average pick errors for Northern California Seismic Network (NCSN) phase data
are on the order of 0.1 sec. These errors map into significant scatter in the earthquake locations
and reduce the resolution of tomographic inversions.

It has long been established that cross correlation measurements of differential travel times
can improve these errors by an order of magnitude or more if the waveforms are similar. Such
similar waveforms are produced when earthquakes have the same rupture mechanism and are co-
located (i.e. share the same ray paths between source and receiver). Figure 1 shows an example of
38 virtually identical waveforms of a repeating earthquake source recorded at the NCSN station
JST. For such similar waveforms, relative phase arrival times can be obtained with sub-sample
precision (Poupinet et al., 1984). With a sampling rate of 100 samples/second, errors in relative
arrival time measurements are less than 1 ms in the optimal case. In comparison, absolute phase
arrival times are picked at the NCEDC with an accuracy of about 0.1 s on average. Even when
earthquakes are not exactly co-located, waveforms can be similar enough to provide significant
improvement in relative arrival time measurements. Cross correlation measurements are particu-
larly important for S-waves, because the onsets are often obscured by the P-wave coda and as a
result are rarely picked for NCSN data. The substantial number of added S-wave measurements
will provide better constraint on earthquake locations and are especially important for resolving
the depth.
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Figure 1 Waveforms of 38 repeating earthquakes on the Calaveras fault recorded at station JST.
Bottom trace shows all 38 waveform superposed. Note the high similarity between all waveforms.
From Schaff (2001).



Here we present the final report of a one-year project, describing the work undertaken by the
principle investigator Felix Waldhauser and, for the larger part, by David Schaff (post doctoral
research scientist). Our research included the collection and reformatting of all digital waveform
data recorded by the Northern California Seismic Network (NCSN), the development of computa-
tional tools to measure differential travel times by waveform cross correlation on a massive scale,
the application of these tools to the entire NCSN waveform data base, and an initial investigation
of the new data. Future work using these data is expected to produce substantially more precise
event locations across large areas, which has the potential to lead to significant new insights into
the structure, mechanics, and dynamics of fault systems, and to a better assessment of earthquake
hazard.

Investigations undertaken

We computed highly accurate differential travel times from waveform cross correlation for all
similar events observed at common stations between 1984-2001 across the Northern California
Seismic Network (NCSN). We performed about 26 billion correlation measurements on 225,000
local events, resulting in a total of 1.7 billion P-wave and 1.2 billion S-wave differential times. We
performed an initial analysis of the new data to investigate its characteristics and its potential use
in future research.

The following milestones were achieved to complete this enormous computational task:

Collection, local storage, and reformatting of the entire NCSN waveform data base

Doug Neuhauser at the Northern California Earthquake Data Center (NCEDC) kindly
extracted all of the 225 GB of waveform data to 10 DLT tapes (~700 GB in uncompressed for-
mat). The data is stored in a compressed binary CUSP format which we converted to SAC file for-
mat for processing. The seismograms were reorganized from a calendar ordering to a station
ordering, as correlation measurements are performed on a station by station basis. To accomplish
this, it was most expedient to have enough disk space to accommodate all 225 GB at one time. For
this we purchased two internal 120 GB hard drives from the funds of this project. The seismo-
grams were uncompressed, preprocessed with travel time information for P- and S-waves being
updated to the event headers, and then recompressed. These operations were performed for 15
million SAC files or seismograms. Data transfer rates from disk and across our network are on the
order of 1 MB/sec. This amounted to about 3 days of computer time for each disk access opera-
tion if uninterrupted — copying the data from the DLT drive, uncompressing, converting from
CUSP to SAC, recompressing, and reorganizing into station subdirectories. The DLT drive, how-
ever, can only be manually operated and the tapes must be changed after each extraction is com-
plete. The total amount of time involved for data handling and manipulation, development of
software, and testing the integrity of the transfer and conversion amounted to about 2 months.

Development of computational tools for massive scale cross-correlation

Our earlier work used cross correlation routines that were designed to satisfy the memory and
speed requirements for processing on the order of 10K events (Schaff et al., 2002; Schaff et al.,
2003). With the task of processing over an order of magnitude more data, these routines needed to
be modified to efficiently process larger numbers of events recorded by a single station. The initial
correlation program used FORTRAN subroutines for the number crunching and MATLAB to
facilitate the bookkeeping. To improve both the memory and speed, we have converted the whole



program to FORTRAN and added some new features. Resampling and filtering is now performed
on-the-fly internally within core memory. Also, a toggle feature for byte swapping has been
included so that data can be analyzed on both Sun and Linux platforms. Depending on the win-
dow lengths and the lags searched over, we are able to perform about 10 million correlation mea-
surements per hour, a factor of 10 improvement in speed over our earlier routines.

We have experimented with a correlation detector which is able to recover lags greater than
half the window length. This is a new feature and different than the correlation function which
was applied in our earlier work. Figure 2 shows examples of automatically determined P-wave
arrival time adjustments of similar events observed at station JST. These P-wave trains have CC >
0.9 and adjustments > 0.9 sec for window lengths of 1 sec. All of these event pairs had at least one
theoretical initial window alignment, which is the reason for the large adjustments. They would
have been missed with more standard methods of cross correlation.

Computations were performed on a 32 node Linux cluster, each node equipped with two 1.2
GHz Athlon processors, 1 GB of fast RAM, and 20 GB of scratch space. A RAID Tb storage sys-
tem was used to store the waveforms and the measurement output. Since the correlations operate
on a station by station basis, they are naturally parallelizeable and can use any number of free pro-
cessors. Cross correlations are performed at a rate of about 10 million measurements per CPU
hour.

Event pair selection based on double-difference locations

Since waveform similarity breaks down with increasing inter-event separation distance, we
implemented an event separation threshold to select event pairs suitable for cross correlation. To
improve the accuracy of inter-event distances from which we determine such pairs of events we
have relocated about 240,000 events using the double-difference algorithm hypoDD (Waldhauser
and Ellsworth, 2000; Waldhauser, 2001) together with about 5 million NCSN P-phase picks.
Using these improved locations, we chose an inter-event distance threshold of 5 km. The some-
what large separation distance is chosen to account for remaining errors in the relative locations,
in particular between events not relocated by the double-difference method due to lack of good
station coverage, and to find as many similar events as possible. In addition, from a quarter wave-
length rule we don’t expect events separated by greater distances to correlate well (Geller and
Mueller, 1980).
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Figure 2 A few examples of aligned P-waves for several pairs of events (blue and red overlaying
seismograms) obtained from a correlation detector. All adjustments are > 0.9 sec which is more
than half the window length of 1 sec. The P-wave trains are very similar with CC > 0.9. X-axes
are in samples (delta = 0.01 sec.).



Initial test runs and performance evaluation

Before embarking on massive processing of all the NCSN waveform data, we executed a bat-
tery of tests to evaluate the performance of the correlation method and judge which parameters
give the best results uniformly across diverse tectonic settings. We also examined the statistics of
various parameters involved with the correlation to help gauge appropriate thresholds, values, and
judge quality in order to remove outliers before the location. We explored the use of filtering (fil-
ter bands of 1.5 to 15 Hz) and resampling to obtain more usable correlation measurements, as well
as the incorporation of theoretical P- and S-wave initial window alignments, if no phase picks
were available. We experimented with different event separation distance cut-offs and using
improved double-difference locations from phase data to determine the initial pairs. We also
examined the effects of different window lengths (1 and 2 sec) on the correlation coefficients (CC)
and the robustness of the delay measurements.

Results

Cross correlation and delay time measurements

About 26 billion P- and S-wave differential times with their respective cross correlation coef-
ficients were calculated during the course of this project. This actually represents 13 billion corre-
lation measurement pairs since both windows of 1 and 2 sec were computed. We saved all data
with correlation coefficients (CC) of 0.6 and above, amounting to 63 GB of output files, with 1.7
billion P-wave and 1.2 billion S-wave correlation pair measurements for both window lengths.

Figure 3 shows all events recorded at the NCSN between 1984 and 2001 that have similar P-
wave trains at the CC>0.7 level with at least one other event at four or more stations. The
~200,000 events represent 90% of the total number of events for which waveforms are available.
80% of the total number of events share similar waveforms with at least one other events at eight
or more stations, and 75% at 10 or more stations. These surprisingly high numbers indicate that a
large percentage of the NCSN catalog can be relocated with differential travel times obtained
from waveform cross correlation.

Areas with large numbers of highly correlated events can be identified in Figure 4. This figure
shows the percentage of events, within bins of 5x5 km, that have CC>0.7 with at least one other
event at four or more stations. It indicates that greater than a 75% level is obtained for much of the
area in different tectonic settings such as the Long Valley Caldera, Bay area faults, the Geysers
Geothermal Field, and the Mendocino Triple Junction. The large percentages in these areas are
related to the dense distribution of seismicity that produce similar waveforms for many closely
located events.

A similar picture is obtained when the percentage of correlated events is plotted for individ-
ual stations that recorded them (Figure 5). The stations that recorded many correlated events are
located along the SAF, at Geysers Geothermal Field, and in the Long Valley area (Figure 5a). Fig-
ure 5b indicates the percentage of cross correlation measurements that have P-wave correlation
coefficients of CC>0.7. Again, stations that recorded events from creeping faults along the SAF
system (e.g., Calaveras or the Parkfield section of the SAF) have significantly larger percentages
of correlated waveforms than stations that record seismicity in areas that are seismically less
active.



Figure 3 All events between 1984 and

2001 that have P-wave cross correla-
. tion coefficients of CC>0.7 with at
least one other event at four or more
stations. These 200,000 events repre-
sent 90% of the total seismicity with
waveforms available.
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Figure 4 Percentage of correlated events that have cross-correlation coefficients of CC>0.7 with at

least one other event recorded at four or more stations. Percentages are computed from the total
number of events within bins of 5x5 km.
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Figure 5 Station locations with percentages indicated for a) number of correlated events recorded
at each station, and for b) number of cross correlation measurements with CC>0.7 performed.

Three example stations: JSF, MDR, and KBB

Figure 6 shows the detailed results for station JST. At this particular station, which recorded
35,000 events from the San Andreas Fault system, 40% of the events have at least one other event
with cross correlation coefficients (CC) greater than 0.9 (62% for CC > 0.8, 77% for CC > 0.7)
(Figure 6b). The percentages of similar events observed at station JST are surprisingly high, but
they include known areas of repeating events on the Calaveras and San Andreas Faults. For a sta-
tion in Long Valley Caldera (MDR) recording 72,000 events, the distribution is 18% for CC > 0.9,
43% for CC > 0.8, and 67% for CC > 0.7. A station including 20,000 events in the different tec-
tonic settings of Mendocino Triple Junction and Geysers Geothermal Fields yields correlation
measurements where 16% of the events have at least one other event with CC > 0.9, 32% with CC
> 0.8, and 49% with CC > 0.7. The lower numbers of correlated events observed at the latter two
stations most likely reflect the different faulting processes that take place in these areas, compared
to the (mostly) strike-slip events recorded at JST. Table 1 and Table 2 summarize the number of
measurements for the three stations and different thresholds. It is seen from Table 2 that a large
percentage of the events correlate well across a variety of tectonic regions.

There are virtually no S-wave picks in the phase data for the 240,000 events at the NCEDC.
By using theoretical initial window alignments based on 1.732 times the P-wave travel time and
performing cross correlations on windows containing S-wave energy, we are able to obtain nearly
the same number of S-wave observations as for P-waves (Figure 6b, Tables 1 & 2). We are there-



fore able to nearly double the number of observations that can be used for future location by
including S-waves that haven’t been picked and also benefit from the extra constraint they provide
on depth. Filtering is also seen to increase the number of useful measurements (Figure 6b). Not all
the seismograms associated with an event have P-wave picks perhaps due to weak onsets or low
signal-to-noise ratios. If we use theoretical initial P-wave window alignments based on raytracing
through a 1D velocity model, we are also able to increase the number of observations by about
30% compared to if we only used event pairs that had P-picks for both events listed in the NCSN
bulletin (see Table 1).
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% events
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Figure 6 Cross correlation measure-

, ments at station JST. a) Double-differ-

b ence locations computed using phase
picks only. Events are color coded
according to Table 2 with CC > 0.9 in
red, CC>0.8ingreenand CC>0.7in
blue. All other events are shown in
gray. b) Histogram of events that cor-
relate with at least one other events at
the threshold indicated.

Table 1: Number of Correlation Measurements

CC > thresh
station (phase) 0.6 0.7 0.8 0.9

JST (P-wave) 1.3 M (7%) 495 K (3%) 165 K (0.9%) 43 K (0.2%)
MDR (P-wave) 5.1 M (5%) 1.5 M (1%) 355 K (0.3%) 29 K (0.03%)
KBB (P-wave) 293 K (21%) 114 K (8%) 38 K (3%) 9 K (0.7%)
JST (S-wave) 1.7 M (9%) 656 K (3%) 215 K (1%) 54 K (0.3%)
JST (theor P-wave) 308 K (30%) 105 K (28%) 36 K (27%) 10 K (31%)
JST (P-wave filtered) 4.1 M (21%) 1.7 M (9%) 578 K (3%) 136 K (0.7%)
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Table 2: Number of Events

CC > thresh
station (phase) 0.6 0.7 0.8 0.9
JST (P-wave) 32 K (91%) 27 K (77%) 22 K (62%) 14 K (40%)
MDR (P-wave) 58 K (81%) 483 K (67%) 31 K (43%) 13 K (18%)
KBB (P-wave) 14 K (78%) 10 K (57%) 6 K (36%) 3 K (19%)
JST (S-wave) 31 K (90%) 25 K (73%) 19 K (55%) 12 K (34%)
JST (P-wave filtered) 34 K (98%) 32 K (91%) 27 K (76%) 20 K (58%)

Characteristics of the cross correlation data

Figure 7a shows the contours of the distribution of CC vs. inter-event separation distance for
station JST. It decreases as expected because of the breakdown in waveform similarity with
increasing separation. The different confidence levels are shown in the legend. They are computed
by dividing the x-axis into 1000 bins of equal number represented by each point (e.g. JST has
1900 obs per bin). From figures like this we were able to determine that event separations of 5 km
and less should probably capture most of the useful cross correlation measurements.

Using correlation coefficient thresholds is currently the primary means for deciding what data
to include for future location studies. We sought additional independent means to judge measure-
ment quality and remove outliers. Computing correlations at two different window lengths pro-
vides two independent relative arrival time measurements that should agree for the same phase at
the same station. Figure 7b shows the distribution of the difference in absolute adjustments for
two window lengths, abs(dt2-dtl). For station JST, which has lots of similar events, the values
agree to two samples (0.02 sec) or better all the way out to CC = 0.6. Combined with CC thresh-
olds this can be an additional way to remove measurement outliers. From such a procedure we
were also able to determine that filtering can remove some large outliers associated with long
period instrument noise even though the correlation coefficients were high and therefore not
excluded on that basis.

Another interesting aspect we explored with the new data is the degree with which crustal
heterogeneity between source region and recording stations controls waveform similarity. We use
a subset of about 1500 precisely located events along the Parkfield section of the San Andreas
Fault. For each event pair/station configuration for which a cross correlation coefficient of 0.7 or
larger is obtained, we determine inter-event distance and the azimuth between the direction of the
event pair and the station that recorded both events. Figure 8 shows the variation of these cross
correlation coefficients as a function of the event pair/station azimuth and different intervals of
event separation. As expected, for events that are co-located, the cross correlation coefficients are
insensitive to variation in recording azimuth. With increasing recording azimuth, and within inter-
vals of inter-event distances, we observe a trend of CC decrease. This is because at zero azimuth
the rays for two events travel a similar path outside the source region since the station is in direc-
tion of the event pair. At an azimuth of°9@y paths are perpendicular to the direction of the
event pair, and thus travel through increasingly different media, compared to the case where the
event separation and slowness vectors are pardi)el (0
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Figure 7 Statistics of correlation measurements for station JST. (a) Breakdown of similarity with
event separation distance. (b) Agreement of delay measurements for two different window
lengths.
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on the San Andreas Fault.

12



ordered along strike

1
120

-
I
S

=
@
=)

=
@
S

N
=1
=]

100 200 300 400 500 600 700 800 900 1000
Samples

ordered along strike
BB e B
[ B N o
o o o o

=
@
S

N
=3
=]

§ 5 il M £ )
100 200 300 400 500 600 700 800 900 1000
Samples

Figure 9 Unfiltered waveforms of earthquakes gl@an2 kmlong streak on the Calaveras fault
recorded at station CCO. Seismograms are ordered by distance and aligned (top) according to the
catalog P-wave picks and (bottom) by cross correlation. The scatter in the phase picks is removed
by more than an order of magnitude.

The improvement that correlation measurements can make compared to catalog P-wave picks
is shown in Figure 9 for 200 events along a 2 km long streak on the Calaveras Fault, recorded at
one station. The 200 waveforms are highly similar and are shown before (top panel) and after
alignment (bottom panel). The moveout of the P-wave relative to the S-wave in the bottom panel
is appropriate for a 2 km offset. Alternating black and white bands for events 25-42 in the top
panel are seen to be exactly out of phase or misaligned by about 10 samples. The same waveforms
in the bottom panel are aligned to the nearest sample or better and therefore represent at least an
order of magnitude improvement in the differential travel times. Note that no S-phases are rou-
tinely picked at the NCSN, while differential S-wave times can be measured at sub-sample preci-
sion.

Concluding remarks

This project resulted in a wealth of cross correlation and differential time information, consis-
tently measured for all events digitally recorded by the Northern California Seismic Network
between 1984 and 2001. The data is uniformly computed across Northern California, allowing
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direct comparison between different tectonic areas including NEHRP priority faults such as the
Hayward, Calaveras, and the San Andreas fault, as well as other hazard areas like Long Valley
Caldera. Preliminary inspection of these data indicates its potential usefulness in a wide range of
future research, including but not limited to regional scale earthquake relocation studies and
tomographic investigations, as well as characterization of crustal heterogeneity across Northern
California. Double-difference relocations of the NCSN catalog with only the phase data showed a
substantially increased level of detail across most of the Northern California region (see e.g. Fig-
ure 6), which can be significantly enhanced by incorporating the cross correlation differential
times measured during this project.

We note that this project had significant slow downs due to delays in delivery and installation
of the RAID file server which was essential to process the waveforms efficiently. We were never-
theless able to complete the measurements in time. We have initially proposed to carry out about
2.5 billion cross correlation measurements, but by the end of this project we carried out about 26
billion measurements in order to create a data base that is as comprehensive as possible. We were
positively surprised by the tremendous amount of correlated events that exists in the catalog of the
NCSN. An initial search for repeating events based on these new data, as stated in the proposal, is
under way but prolonged due to the unexpected size of the useful data output. We will also work
towards a data base which can be easily accessed by interested researchers.

The NCSN waveform data used in this project is freely available at the NCEDC at UC Berke-
ley. Since a fair amount of effort is required to change the data from an event (calendar time)
ordering scheme to a station based ordering, it is possible that we could make the reorganized 225
GB dataset available to interested researchers or even to the data center itself. Due to funding level
constraints, it was agreed in the revised budget for this project to make the database openly and
publicly available within a year after completion of the project, because of the large potential ben-
efit to the greater geophysical community.
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